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The recently proposed effective potential theory [Phys. Rev. Lett. 110, 235001 (2013)] is used
to investigate the influence of coupling on inter-ion-species diffusion and momentum exchange in
multi-component plasmas. Thermo-diffusion and the thermal force are found to diminish rapidly as
strong coupling onsets. For the same coupling parameters, the dynamic friction coefficient is found
to tend to unity. These results provide an impetus for addressing the role of coupling on diffusive
processes in inertial confinement fusion experiments.
I. INTRODUCTION
Transport effects associated with multiple ion species
have recently been attracting much attention in inertial
confinement fusion (ICF). In particular, it has been sug-
gested that strong background gradients introduced dur-
ing the implosion can separate fusion fuel constituents,
resulting in yield degradation [1–13]. The same ion dif-
fusion mechanisms that govern species separation in the
fuel underlie mixing at the shell/fuel interface [14–20], as
well as at the inner boundary of the hohlraum [21]. In
turn, describing these mix phenomena is often regarded
as a crucial challenge faced by the ICF program.
The present paper provides a physics insight into how
the basic diffusion mechanisms and closely related mo-
mentum exchange can be affected by ion coupling. Our
earlier work on ion diffusion in weakly coupled plasmas
has found that thermo-diffusivity is comparable to baro-
diffusivity in low-Z mixtures and much larger than baro-
diffusivity in low-Z/high-Z mixtures [7]. This finding
came in contrast to what had been known from the
conventional theory of neutral gas mixtures, in which
thermo-diffusion is usually much less significant than
baro-diffusion [22]. Subsequent work [23, 24] gave iden-
tical prediction [25, 26]. However, during the course of
an implosion, the fuel plasma of hydrogen and helium
isotopes can become sufficiently dense that ion correla-
tions can influence transport rates. Interfacial plasmas
involve dense high-Z components such as carbon or sili-
con ions from the ablator, or gold or uranium ions from
the hohlraum wall, and are also very likely to be strongly
coupled.
On the one hand, the finite coupling can result in the
ideal gas equation-of-state being inadequate for inertially
confined plasmas, thus noticeably affecting the implosion
performance [27]. On the other hand, it greatly com-
plicates the physics behind the transport properties as
the particle collisions can no longer be considered bi-
nary [28, 29]. To describe evolution of relative species
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concentrations during the implosion one needs a full set
of hydrodynamic equations with appropriate transport
fluxes. In turn, developing such a framework requires
both thermodynamic and kinetic analyses.
Here we present the kinetic analysis of the momentum
exchange in a binary ionic mixture with electrons pro-
viding neutralizing background. We utilize the recently
proposed effective potential theory (EPT) [30, 31], which
models many-body correlation effects by treating binary
interactions as occurring via the potential of mean force
in place of the screened, Debye-Hu¨ckel potential. Our
study indicates that with substantial coupling the ther-
mal force, and therefore thermo-diffusion, rapidly dimin-
ishes, making it similar to the conventional case of a neu-
tral gas mixture [22]. These results motivate a need to
investigate further the influence of strong coupling on
diffusive processes in ICF.
A physical interpretation for the above finding can be
suggested by recalling that thermo-diffusion arrises due
to the deviation of a species distribution function away
from Maxwellian [32–34]. Since the collision rate is low
in weakly coupled plasmas, the distribution functions
are easily perturbed by thermodynamic forces. Conse-
quently, the thermo-diffusion rate is often of comparable
importance with the other diffusive processes. In con-
trast, as strong coupling onsets the Coulomb collision
frequency approaches a significant fraction of the plasma
frequency [30]. The plasma frequency, in turn, defines the
fastest timescale for collective particle dynamics. Thus,
the plasma becomes so collisional that thermodynamic
forces cannot deviate the distributions from Maxwellian
substantially, causing thermo-diffusion to diminish.
This interpretation is supported by considering the
other diffusion-relevant transport quantity, dynamic fric-
tion, which counteracts species separation. In gases, the
friction between two species can usually be evaluated by
considering two Maxwellian distributions drifting with
respect to each other, whereas in the weakly coupled
plasma higher order corrections to Maxwellian are known
to give an order unity contribution [35]. One consequence
of this complication is that all ion species are intertwined:
the friction between two given species is influenced not
only by the inter-species but also by intra-species colli-
2sions. Furthermore, in a plasma with three and more ion
species, the friction between two given species would de-
pend not only on these species’ thermodynamic states,
but also on the states of all other ion species. In agree-
ment with the logic of the preceding paragraph, this fea-
ture is found to disappear for coupling parameter Γ & 1.
On the other hand, for such Γ, the species are inter-
twined at a deeper level since the effective interaction
potential, and therefore collision frequency, between and
within two ion species depend on other species present
in the plasma. The case of small, though finite, Γ is thus
the most complex from the transport point of view as
both of the above mechanisms are generally at play.
In the section to follow we present EPT based evalu-
ation of the inter-ion-species transport in a plasma with
two ion species. Then, in Section III, we discuss physical
interpretations and practical implications for ICF of the
obtained results.
II. EVALUATION OF THE TRANSPORT
COEFFICIENTS
We consider a plasma with two ion species with the
ion charges Z1 and Z2, ion masses m1 and m2, number
densities n1 and n2, and mass densities ρ1 and ρ2, where
subscripts “1” and “2” denote the light and heavy ion
species, respectively. There is only one independent ion
concentration, so we will operate with the light species
mass fraction c = ρ1/ρ, where ρ = ρ1 + ρ2 is the to-
tal mass density. Similarly, there is only one indepen-
dent ordinary diffusion coefficient and one independent
thermo-diffusion coefficient, so for definitiveness we will
be considering D12 and D
(T )
1 . Notation and transport
formulas for the general N -ion-species case can be found
in literature [32–34, 36, 37] and, for this paper to be self-
contained, are also summarized in the Appendix A in the
form convenient for practical use.
The leading order approximation to the ordinary diffu-
sion coefficient [D12]1 physically corresponds to the situ-
ation where the two diffusing species are described by
Maxwellian distributions drifting with respect to each
other. The mathematical expression can be found in ear-
lier works [32–34] as well as retrieved from Eq. (A1) of
the Appendix A by setting ξ = 1:
[D12]1 = −nikBTim1(1− c)
ρµ12ν12
, (1)
where ni = n1+n2 is the total number density of the ion
species, kB is the Boltzmann constant, and the collision
frequency between plasma species α and β is defined by
ναβ =
4
√
2πZ2αZ
2
βe
4γ
3/2
αβ nβ
3µ2αβ
Ξαβ . (2)
In Eq. (2), µαβ = mαmβ/(mα+mβ) is the reduced mass
and γαβ = γαγβ/(γα + γβ) with γα ≡ mα/(kBTα) and
T1 = T2 ≡ Ti need to be set for ion species with com-
parable masses. Finally, Ξαβ ≡ Ξ(1,1)αβ is the lowest order
generalized Coulomb logarithm, which was introduced in
Ref. [30]. Equation (2) reduces to the familiar expression
in the weakly coupled limit, in which Ξαβ becomes the
conventional Coulomb logarithm lnΛ [38].
In expression (1), particle collisions manifest them-
selves solely through the inter-species collision frequency
ν12. The more non-trivial collisional effects appear in
higher order approximations to the ordinary diffusion co-
efficient. These account for the deviation of the species’
distribution functions from Maxwellian, which is estab-
lished through the interplay between the inter- and intra-
species collisions. To quantify the resulting correction to
the ordinary diffusion coefficient we introduce
A12 = [D12]1/D12, (3)
so the full diffusion coefficient can be written as
D12 = −nikBTim1(1− c)
A12ρµ12ν12
. (4)
Thermo-diffusion is conveniently quantified with
B
(i)
1 =
D
(T )
1
D12
cni
n1
. (5)
To elucidate the physics behind the dimensionless pa-
rameters A12 and B
(i)
1 , it is useful to write the fluid
momentum conservation equations for each ion species.
Then it can be shown that in order to recover the ther-
modynamic expression for the diffusive flux [39], the rate
of the collisional momentum exchange between the two
ion species must take the form [6]
~R12 = −A12µ12n1ν12(~u1 − ~u2)−B(i)1 n1kB∇Ti, (6)
where the first and second terms on the right side are
referred to as the dynamic friction and the ion-ion ther-
mal force, respectively, and ~uα stands for the fluid ve-
locity of species α. Eqs. (3) and (5) on the one hand
and Eq. (6) on the other show the close connection be-
tween the momentum exchange and diffusion. This will
be used for both developing physics understanding of the
basic trends in the diffusion coefficients and quantifying
these trends through the dimensionless parameters A12
and B
(i)
1 .
We notice here that a recent study applying EPT to
ordinary diffusion [40] concluded that the higher order
corrections to D12 are small, which in our terms would
mean that A12 is identically equal to one. Likely, this
is because this reference concentrated on the strongly
coupled regime only, thus not considering the physics of
the transition between the weakly and strongly coupled
regimes.
We now proceed to evaluation of A12 and B
(i)
1 using
EPT. The generalized Coulomb logarithms are computed
as described in [30]:
Ξ
(l,k)
αβ =
1
2
∫
∞
0
dξ ξ2k+3e−ξ
2
σ¯
(l)
αβ/σo (7)
3where
σ¯
(l)
αβ = 2π
∫
∞
0
db b[1− cosl(π − 2Θ)] (8)
is the momentum transfer cross section, and
Θ = b
∫
∞
ro
dr r−2[1−b2/r2−2φαβ(r)/(mαβu2)]−1/2 (9)
is the scattering angle. Here, σo = πZ
2
αZ
2
βe
4γ2αβ/(4µ
2
αβ)
is a defined reference cross section.
The input to the theory is the interaction potential,
φαβ in Eq. (9), which is taken to be the potential of
mean force. The potential of mean force is obtained by
taking two particles at fixed positions and averaging over
the positions of all other particles in the system. At equi-
librium, it is related to the radial distribution function
as gαβ(r) = exp(−φαβ(r)/kBT ). Here, we use the hyper-
netted chain (HNC) approximation to model the radial
distribution function [41]:
gαβ(~r) = exp[−vαβ(~r)/kBT + hαβ(~r)− cαβ(~r)](10a)
hˆαβ(~k) = cˆαβ(~k)−
∑
j
nj hˆαj(~k)cˆjβ(~k) , (10b)
where hαβ(r) = gαβ(r)−1 and hˆαβ(~k) denotes the Fourier
transform of hαβ(~r).
Once the generalized Coulomb logarithms are calcu-
lated Eqs. (A1)-(A2) along with Eqs. (A4)-(A17) are em-
ployed to recover the coefficients of interest. For a mix-
ture of a given set of ion species, they generally depend
on the relative species concentrations and the Coulomb
coupling parameter
Γ =
e2
kBTia
, (11)
where a ≡ (4πni/3)−1/3. It should be noted that this
definition does not include the charge numbers, so in the
one component plasma (OCP) the standard coupling pa-
rameter Γα is recovered through Γα = Z
2
αΓ. Also, for
the purpose of demonstration, the ion species are as-
sumed fully ionized. Finally, unless otherwise specified,
the transport coefficients are calculated in the third or-
der Chapman-Enskog approximation (ξ = 3) by utilizing
the matrix elements from Appendix A2.
It should be noted that the transport coefficients be-
ing discussed here have, in general, a non-unity ther-
modynamic prefactor [42] that we do not include. Re-
cent refinement of the EPT theory based on Enskog’s
equation [43] can be applied to model these terms using
the expressions from Ref. [44], but resulting changes in
transport coefficients are insignificant over the range of
coupling strengths being discussed here. We also notice
that the diffusion coefficients D12 and D
(T )
1 alone are not
sufficient for quantitative modeling of multi-component
plasmas. Complete expression for the diffusive flux in-
volves other driving terms, which are subject to thermo-
dynamic rather than kinetic calculation. This expression
along with the equation for evolving c are given in the
Appendix B.
Depending on the plasma composition, different new
features can appear in the dynamic friction and thermal
forces as compared to their weakly coupled counterparts.
To illuminate the most essential trends, we now discuss
A12 and B
(i)
1 for three representative binary ionic mix-
tures (BIMs): DT, D3He and DKr.
Isotopic mixture
We first consider DT, which is the most common choice
for the fusion fuel.In cryogenic ICF implosions the DT
fuel can be weakly coupled as well as strongly coupled
with Γ ∼ 6 [45]. In isotopic mixtures, all the effective in-
teraction potentials between and within any ion species
are equal and the generalized Coulomb logarithms de-
pend on Γ only, Ξ
(l,k)
αβ = Ξ
(l,k)
αβ (Γ). For the DT case it
is therefore given by the same function as in the one-
component plasma model for hydrogen considered in our
earlier work [30].
The resulting dynamic friction and the ion-ion thermal
force coefficients are shown in Fig. 1. It should first be ob-
served that, as Γ approaches 10, A12 tends to unity, while
B
(i)
1 rapidly diminishes. Hence, with substantial coupling
the intuitive expression for the dynamic friction between
two ion species ~R
(u)
12 = µ12ν12n1(~u2 − ~u1) becomes pre-
cise. From the diffusion perspective, it means that the
ordinary diffusion coefficient D12 can be obtained readily
from Eq. (1) once the inter-species collision frequency ν12
is known.
As discussed earlier, an A12(c) differing from unity ar-
rises from higher order corrections to the distribution
function. The observed trend in A12 is thus indicative
of the role of these corrections being diminished by the
ion-ion correlations. This interpretation is supported by
the fact that the A12 saturation to unity takes place at
the same coupling parameters as vanishing of the ther-
mal force, which is an inherently higher order transport
phenomenon [32–34]. Although according to Fig. 1 the
absolute value of B
(i)
1 starts growing after reaching 0, it
remains much smaller than in the weakly coupled case.
Moreover, this trend is only observed for Γ & 30 where
the effective potential theory becomes invalid [30].
Weakly asymmetric mixture with different ion
charge numbers
When the charge numbers of the ion components differ,
the effective interaction potential depends on the concen-
tration as well as Γ, i.e. Ξ
(l,k)
αβ = Ξ
(l,k)
αβ (Γ, c) and are also
different for different α and β. In the intermediate case
when higher order corrections to the species’ distribution
functions are still important while coupling is no longer
negligible, all these Coulomb logarithms should generally
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FIG. 1. Dynamic friction coefficient A12 (a) and thermal force
coefficient B
(i)
1 (b) for the DT mixture as functions of Γ for
several values of c.
contribute to the ion transport; e.g. for evaluating inter-
ion-species transport in a binary mixture of species “1”
and “2” one needs to know not only Ξ
(l,k)
12 , but also Ξ
(l,k)
11
and Ξ
(l,k)
22 .
A weakly asymmetric example of such a mixture com-
monly used in ICF experiments is D3He. Fig. 2 presents
the lowest order Coulomb logarithms for this case. It can
be observed that Ξ
(1,1)
αβ has an order unity dependence
on the concentration throughout the entire Γ range; the
Coulomb logarithms for mixtures with a trace amount
of 3He (c = 0.937) are about 4-5 times larger than for
mixtures with a trace amount of D (c = 0.143). For a
fixed Γ, i.e. fixed total ion density, the system consist-
ing of just 3He demonstrates stronger correlation effects
than the system consisting of just D since the OCP cou-
pling scales as Z2. It is also worth noticing that Ξ
(1,1)
11
Γ
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FIG. 2. Lowest order generalized Coulomb logarithms Ξ
(1,1)
11
(asterisks, solid line) and Ξ
(1,1)
12 (circles, dashed line) in the
D3He mixture as functions of Γ for several values of c.
and Ξ
(1,1)
12 coalesce in the weakly coupled limit, in which
the conventional Coulomb logarithm can be used for all
types of collisions.
According to Fig. 3, the dynamic friction and ther-
mal force coefficients show the same general trends as
recovered earlier for the DT mixture: A12 tends to 1
and B
(i)
1 vanishes, respectively, as the coupling param-
eter becomes of order unity. As in the DT case, it
means that with order unity coupling the classical diffu-
sion coefficient no longer has a non-trivial dependence on
the concentration when expressed in terms of the inter-
species collision frequency. However, unlike the case of
the species with equal charge numbers, the non-trivial
dependence on the concentration now appears in the col-
lision frequency through the Coulomb logarithm Ξ
(1,1)
12 as
indicated by Fig. 2.
Strongly asymmetric mixture
Finally, to gain an insight into diffusion at the low-
Z/high-Z interfaces we consider the mixture of species
with largely disparate masses and charge numbers such as
DKr, in which the concentration dependence is expected
to be even more pronounced. We first plot the lowest
order generalized Coulomb logarithms in Fig. 4. It should
be observed that we are able to evaluate Ξ
(l,k)
αβ up to Γ ∼
0.5× 10−1 only, i.e. a coupling strength of Kr Z2Γ ≈ 60,
beyond which the EPT is not expected to be accurate.
One interesting feature is that when the Kr becomes
strongly coupled it has a significant influence on the DD
effective potential, leading to a flattening of the DD gen-
eralized Coulomb logarithm Ξ
(1,1)
11 . This behavior was
not observed for lower-Z mixtures. It is also not ob-
served for the case where Kr number fraction is only
5Γ
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3He mixture as functions of Γ for
several values of c.
about 2× 10−4 (D mass fraction c = 0.99), indicating an
impurity limit is reached in which the small concentration
of Kr does not significantly influence the DD interaction.
The dynamic friction and thermal force coefficients for
the DKr mixture are shown in Fig. 5. One can see that
the results for c = 0.01 and c = 0.1 coalesce and are
also rather close to the results for c = 0.9 (except for
the maximum coupling being higher for larger c, which
is explained earlier in this subsection). The reason being
that, due to the large charge number of Kr, D-Kr colli-
sions dominate over D-D up to quite high mass fractions
of D, making the D ions behave as test particles in the
swamp of Kr ions.
Plots in Fig. 5 are indicative of the same trends as were
earlier recovered for the DT and D3He mixtures.However,
unlike their weakly asymmetric counterparts, A12 and
Γ
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FIG. 4. Lowest order generalized Coulomb logarithms Ξ
(1,1)
11
(asterisks, solid line) and Ξ
(1,1)
12 (circles, dashed line) in the
DKr mixture as functions of Γ for several values of c.
B
(i)
1 do not saturate fully to 1 and 0, respectively, over
the Γ range accessible with EPT. To confirm that the
qualitative results found here for the weakly asymmet-
ric mixtures remain intact in the strongly asymmetric
case, one would need to use a different approach such as
molecular dynamics simulations [46–49].
Dynamic friction and thermal force coefficients
obtained with other formalisms
The above results are based on the effective binary in-
teraction potential equal to the potential of mean force,
as obtained through the HNC closure. One can also use
older theories for the effective potential such as that by
Debye-Hu¨ckel [50] and Paquette [51]. In Fig. 6 we com-
pare A12 and B
(i)
1 for the 50:50 DT mixture obtained
from the EPT, as described at the beginning of this sec-
tion, with their counterparts obtained from these other
formalisms. Generalized Coulomb logarithms are eval-
uated through gas-kinetic cross-sections as described in
Ref. [30] and the transport coefficients are computed with
formulas of the Appendix A. Also shown is the weakly
coupled limit Γ→ 0 considered in our earlier work [7].
We see that the main trends in the dynamic fric-
tion and thermal force coefficients are in excellent agree-
ment further supporting robustness of our conclusions.
It should be noticed from Eq. (6), however, that colli-
sional physics enters the momentum exchange not only
through the dimensionless parameters A12 and B
(i)
1 but
also through the collision frequency ν12. In turn, this fre-
quency involves the generalized Coulomb logarithm Ξ12.
As shown in our earlier work [52], Ξ12 obtained from the
effective potential theory [30] give better agreement with
the molecular dynamics simulations than that from the
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FIG. 5. Dynamic friction coefficient A12 (a) and thermal force
coefficient B
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1 (b) for the DKr mixture as functions of Γ for
several values of c.
Debye-Hu¨ckel [50] and Paquette [51] formalisms. Hence,
when evaluating physical observables, such as the mo-
mentum exchange or diffusive flux, the effective potential
theory used in the present paper is preferable.
III. DISCUSSION
To understand the physics behind the dynamic fric-
tion coefficient becoming 1 for strongly coupled plasmas,
we first discuss the physics that makes it less than 1 in
the conventional plasmas. For this purpose we follow
and adapt the arguments given by Braginskii to interpret
the electron-ion friction in a simple plasma [35]. Bragin-
skii first considered Maxwellian electrons drifting with
respect to ions at the speed ~u ≡ ~ue − ~ui and defined the
effective electron collision time τe so that the electron-ion
Γ
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FIG. 6. Dynamic friction coefficient A12 (a) and thermal force
coefficient B
(i)
1 (b) for the 50:50 DT mixture as functions of
Γ obtained from different microscopic theories.
friction would write in a simple form without numerical
factors, namely
~Ru = −Aeimene~u/τe (12)
with Aei = 1. As rigorous calculation showed, however,
a numerical factor does need to be included: Aei = 0.51
for Z = 1, 0.44 for Z = 2 ... 0.29 for Z = ∞. This
was explained by the Coulomb collision frequency scal-
ing inversely with the cube of the particle velocity. When
external force (e.g. the electric field) is applied to sepa-
rate the species, the faster electrons gain a larger velocity
shift than the slower. Consequently, the electron distri-
bution is perturbed so that the faster electrons play a
larger role on the average velocity ~u, making the friction
coefficient smaller than for the uniformly shifted perfect
Maxwellian.
This qualitative picture applies to the friction between
7two weakly coupled ion species as well. Unlike the elec-
tron and ion densities in a simple plasma, which are con-
strained by quasi-neutrality, the ratio of the ion species
densities in binary ionic mixtures can take an arbitrary
value. This is why the electron-ion friction in a simple
plasma is defined by a single numerical factor that de-
pends on the charge number of the single ion species only,
whereas a function of the relative species concentration
A12(c) is needed to describe the friction between the ion
species in a BIM. But, this function is still in agreement
with the physical explanation above in that A12(c) ≤ 1
for all c as it is demonstrated by Fig. 1 of Ref. [7].
For a BIM with disparate ion masses, such as DKr,
further insight from Braginskii’s consideration can be de-
rived. There, it is modifications to the light species distri-
bution function that govern the dynamic friction, because
velocities of the heavy ions are much lower, making the
details of their distribution unimportant. In turn, when
concentration of the heavy component is small, the distri-
bution of the light species is close to Maxwellian since col-
lisions within it dominate over collisions with the heavy
ions. As a result, A12(c) should approach 1 together with
c, as it is indeed recovered for the DKr case in Fig. 1 of
Ref. [7]. For mixtures with closer ion masses, such as DT,
modifications to both distribution functions contribute to
A12 and, at least for one of the species, this modification
is substantial for any given c. Consequently, for weakly
asymmetric weakly coupled ionic mixtures A12 < 1 for
all c.
So, while A12 may become 1 even in the weakly cou-
pled limit, it is only possible at a certain concentration in
a largely asymmetric mixture. Furthermore, Braginskii’s
explanation seems to suggest that A12 should be differ-
ent from 1 as long as there is a non-trivial dependence
of the collision frequency on the particle velocity, which
remains true for the collision frequency (1) in coupled
plasmas. The seeming contradiction between the newly
obtained result and the Braginskii’s qualitative theory
may be resolved by comparing the plasma and collision
frequencies for various coupling parameters.
We present such a comparison for the one-component
plasma case in Fig. 7a, where ωpα = (4πnαZ
2
αe
2/mα)
1/2
and Zα = 1 for simplicity. To make correspondence with
the transport properties we also present in Fig. 7b the
ratio of the third to the first order approximations for
the ion viscosity η and heat conductivity λ. We see that,
as the plasma undergoes transition between the weakly
coupled and strongly coupled regimes, the collision fre-
quency becomes three orders of magnitude closer to the
plasma frequency to saturate at ∼ 10−1ωpα for Γ & 1.
For the same Γ the higher order approximations for trans-
port coefficients become unnecessary and therefore cor-
rections to the species distribution function – unimpor-
tant. The plasma frequency defines the fastest time scale
for collective phenomena in a plasma and perturbations
of the distribution function capable of contributing to
transport are slower. One could then hypothesize that
with ναα reaching the 10
−1ωpα ballpark such perturba-
tions are mitigated by the collisions and plasma, once
Maxwellized, remains Maxwellian.
We also notice that the saturation observed in Fig. 7a
may be explained by the same physics: assuming that
the effective binary collision frequency ναα is a proper
description for the actual, many-body collisions in cou-
pled plasmas, one should expect that ναα cannot exceed
a certain fraction of ωpα since these many-body collisions
are also a collective plasma process.
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FIG. 7. Collision vs. plasma frequencies (a) and higher order
approximation vs. leading order result for the viscosity and
heat conductivity (b) as functions of Γ for the hydrogen OCP.
While one can look for alternative interpretations for
the observed trend in A12, the very fact that within the
EPT framework the role of the higher order corrections
is diminished with coupling has been verified by calculat-
ing a number of different transport coefficients [38, 53].
These include the OCP viscosity and heat conductivity
shown in Fig. 7b and, in particular, thermal force co-
efficient in a binary ionic mixture presented earlier in
this article. Thermal force and closely related thermo-
diffusion are known to be higher order transport phe-
nomena [32–34]. With the higher order corrections be-
coming insignificant one would thus expect thermal force
and thermo-diffusion to vanish, as has been indeed recov-
ered in Figs. 1b and 3b showing the coefficient B
(i)
1 for
the DT and D3He mixtures, respectively. For the DKr
mixture, this trend has not be recovered fully. But this
rather reflects a limitation of the EPT framework, pre-
venting us from accessing the same coupling parameters
for low-Z/high-Z mixtures, for which the saturation has
been observed in low-Z mixtures.
The plasma diffusion can be driven by the gradients of
the pressure, electrostatic potential and the electron and
8ion temperatures, as well as by the concentration gradi-
ent which acts to relax the concentration perturbation.
In neutral gases, thermo-diffusivity is known to usually
be substantially smaller than baro-diffusivity [22]. On
the other hand, in our earlier work we demonstrated that
in weakly coupled plasmas the former is comparable to,
or even much larger than, the latter [7]. The present
analysis suggests that in the strongly coupled plasmas
the comparison may resort back to the familiar case of
the neutral gas mixture diffusion. Assuming that spatial
scales associated with the pressure and temperature pro-
files are similar, the newly presented result likely means
that in strongly coupled inertially confined plasmas it is
baro-diffusion, rather than thermo-diffusion, that would
underlie diffusion-sensitive experimental observations.
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Appendix A: Explicit expressions for the diffusion
coefficients in terms of the generalized Coulomb
logarithms
This Appendix provides explicit expressions for the dif-
fusion coefficients in terms of Ξ
(l,k)
αβ for a plasma with N
ion species, which were used to evaluate the dynamic fric-
tion and thermal forces through Eqs. (3) and (5). Sim-
ilar expressions for other transport coefficients obtained
from existing prescriptions are summarized in Ref. [37].
Ref. [37] also provides the numerical routines where these
expressions are implemented and which can be used to
reproduce the results presented in this paper.
In what follows, xα = nα/ni and cα = ρα/ρ denote the
number and mass fractions of the ion species α, respec-
tively, where nα and ρα are the number and mass den-
sities of the ion species α, respectively, and ni =
∑
α nα
and ρ =
∑
α ρα are the total number and mass densities
of the ionic mixture, respectively.
1. Matrix representation
A number of equivalent representations can be found
in literature [32–34, 36]. Here we utilize the formalism by
Ferziger and Kaper [34] and use the Kramers rule to write
the ξth Chapman-Enskog approximation to the ordinary
and thermo-diffusion coefficients in the form of Ref. [33]
[Dαβ ]ξ = − 4
25ni|
↔
M |
×
∣∣∣∣∣∣∣∣∣∣∣∣
↔
M (0,0)
↔
M (0,1) . . .
↔
M (0,ξ−1) ~vk
↔
M (1,0)
↔
M (1,1) . . .
↔
M (1,ξ−1) ~0
...
...
. . .
...
...
↔
M (ξ−1,0)
↔
M (ξ−1,1) . . .
↔
M (ξ−1,ξ−1) ~0
~δkα ~0 . . . ~0 0
∣∣∣∣∣∣∣∣∣∣∣∣
(A1)
and
[D(T )α ]ξ = −
2
5ni|
↔
M |
×
∣∣∣∣∣∣∣∣∣∣∣∣
↔
M (0,0)
↔
M (0,1) . . .
↔
M (0,ξ−1) ~0
↔
M (1,0)
↔
M (1,1) . . .
↔
M (1,ξ−1) ~xk
...
...
. . .
...
...
↔
M (ξ−1,0)
↔
M (ξ−1,1) . . .
↔
M (ξ−1,ξ−1) ~0
~δkα ~0 . . . ~0 0
∣∣∣∣∣∣∣∣∣∣∣∣
, (A2)
where blocks
↔
M (i,j) are N ×N matrices, whose elements
are provided in the next subsection. In Eqs. (A1) and
(A2), |↔M | denotes the determinant of the ξN × ξN ma-
trix
↔
M composed of
↔
M (i,j). The determinants in the
numerator are obtained by appending
↔
M with a row and
a column that are, in turn, composed of N -element vec-
tors indicated by the arrow sign and the last element,
scalar 0. The k-th element in such a vector is given by
the corresponding expressions, in which δkl is the Kro-
necker delta and vk appearing in the upper right corner
in the numerator on the right side of Eq. (A1) is equal
to 0 for k = 1 and δkβ − ck for 2 ≤ k ≤ N .
In the employed formalism the ordinary diffusion coef-
ficients are symmetric, Dαβ = Dβα, and also satisfy the
constraints
∑
α cαDαβ = 0 for β = 1..N , so there are only
N(N − 1)/2 independent coefficients. Thermo-diffusion
coefficients satisfy the constraint
∑
α cαD
(T )
α = 0, so
there are N − 1 independent coefficients.
92. Matrix elements in terms of the generalized Coulomb logarithms
It is convenient to introduce Ξ¯
(l,k)
αβ ≡ Ξ(l,k)αβ /Ξ(1,1)αβ . Then, elements of matrix
↔
M can be written as follows: for the
first row of the uppermost leftmost block (i = j = 0, α = 1)
M
(0,0)
1β = cβ, β = 1..N, (A3)
for the first rows of the remaining uppermost blocks (i = 0, 0 < j ≤ ξ − 1, α = 1)
M
(0,j)
1β = 0, β = 1..N (A4)
and for all other elements
M
(i,j)
αβ =
8(mαmβ)
1/2
75Ti
(
δαβ
N∑
χ=1
xαxχA
(i,j)
αχ + xαxβB
(i,j)
αβ
)
, (A5)
where A
(i,j)
αβ and B
(i,j)
αβ are related to standard bracket integrals [34] so one can find A
(l,k)
αβ = 3ναβ/(16nβ)A¯
(l,k)
αβ and
B
(l,k)
αβ = 3ναβ/(16nβ)B¯
(l,k)
αβ with ναβ defined by Eq. (2) and
A¯
(0,0)
αβ = 8µβ (A6)
A¯
(0,1)
αβ = 8µ
2
β
(5
2
− Ξ¯(1,2)αβ
)
(A7)
A¯
(1,1)
αβ = 8µβ
[5
4
(6µ2α + 5µ
2
β)− 5µ2βΞ¯(1,2)αβ + µ2βΞ¯(1,3)αβ + 2µαµβΞ¯(2,2)αβ
]
(A8)
A¯
(0,2)
αβ = 4µ
3
β
(35
4
− 7Ξ¯(1,2)αβ + Ξ¯(1,3)αβ
)
(A9)
A¯
(1,2)
αβ = 8µ
2
β
[35
16
(12µ2α + 5µ
2
β)−
21
8
(4µ2α + 5µ
2
β)Ξ¯
(1,2)
αβ +
19
4
µ2βΞ¯
(1,3)
αβ −
1
2
µ2βΞ¯
(1,4)
αβ + 7µαµβΞ¯
(2,2)
αβ − 2µαµβΞ¯(2,3)αβ
]
(A10)
A¯
(2,2)
αβ = 8µβ
[35
64
(40µ4α + 168µ
2
αµ
2
β + 35µ
4
β)−
7
8
µ2β(84µ
2
α + 35µ
2
β)Ξ¯
(1,2)
αβ +
1
8
µ2β(108µ
2
α + 133µ
2
β)Ξ¯
(1,3)
αβ
− 7
2
µ4βΞ¯
(1,4)
αβ +
1
4
µ4βΞ¯
(1,5)
αβ +
7
2
µαµβ(4µ
2
α + 7µ
2
β)Ξ¯
(2,2)
αβ − 14µαµ3βΞ¯(2,3)αβ + 2µαµ3βΞ¯(2,4)αβ + 2µ2αµ2βΞ¯(3,3)αβ
]
(A11)
B¯
(0,0)
αβ = −8µ1/2α µ1/2β (A12)
B¯
(0,1)
αβ = −8µ3/2α µ1/2β
(5
2
− Ξ¯(1,2)αβ
)
(A13)
B¯
(1,1)
αβ = −8µ3/2α µ3/2β
(55
4
− 5Ξ¯(1,2)αβ + Ξ¯(1,3)αβ − 2Ξ¯(2,2)αβ
)
(A14)
B¯
(0,2)
αβ = −4µ5/2α µ1/2β
(35
4
− 7Ξ¯(1,2)αβ + Ξ¯(1,3)αβ
)
(A15)
B¯
(1,2)
αβ = −8µ5/2α µ3/2β
(595
16
− 189
8
Ξ¯
(1,2)
αβ +
19
4
Ξ¯
(1,3)
αβ −
1
2
Ξ¯
(1,4)
αβ − 7Ξ¯(2,2)αβ + 2Ξ¯(2,3)αβ
)
(A16)
B¯
(2,2)
αβ = −8µ5/2α µ5/2β
(8505
64
− 833
8
Ξ¯
(1,2)
αβ +
241
8
Ξ¯
(1,3)
αβ −
7
2
Ξ¯
(1,4)
αβ +
1
4
Ξ¯
(1,5)
αβ −
77
2
Ξ¯
(2,2)
αβ + 14Ξ¯
(2,3)
αβ
− 2Ξ¯(2,4)αβ + 2Ξ¯(3,3)αβ
)
. (A17)
In Eqs. (A6)-(A17), µα = mα/(mα +mβ) and µβ = mβ/(mα +mβ) and due to symmetry properties of the bracket
integrals A¯
(i,j)
αβ = A¯
(j,i)
αβ and B¯
(i,j)
αβ = B¯
(j,i)
βα [34]. The above expressions for A
(i,j)
αβ and B
(i,j)
αβ with i, j ≤ 2 are thus
sufficient for evaluating the first to third order Chapman-Enskog approximations to the transport coefficients.
Appendix B: Equation for the concentration
evolution
In this paper we consider the ionic mixture only,
electrons are assumed to provide the neutralizing back-
ground. Then, the complete expression for the diffusive
10
flux of the light ion species has the form
~i = −ρD
(
∇c+kp∇ log pi+ ekE
Ti
∇Φ
)
+DT∇ logTi, (B1)
where Φ is the electrostatic potential accounting for the
ambipolar field and p is the mixture pressure. The Lan-
dau and Lifshitz’s “classical diffusion coefficient” D [54]
on the right side of Eq. B1 is related to the ordinary diffu-
sion coefficient D12 of Ferziger and Kaper [34], employed
in the present work, through
D = − ρ
2
m1m2n2i
D12 (B2)
and is also equal to the “binary diffusion coefficient” D12
of Ferziger and Kaper.
On the right side of Eq. B1, the so-called baro- and
electro-diffusion ratios, kp and kE , can be expressed
through derivatives of the electro-chemical potential of
the mixture [54, 55]. For non-ideal plasmas, their calcu-
lation therefore requires a separate, thermodynamic anal-
ysis which is not presented in this paper.
The kinetic analysis conducted in this paper is suf-
ficient for the main conclusions such as that thermo-
diffusion diminishes for substantial ion couplings. For
practical modeling of multi-component plasmas one
would also need the thermodynamic terms. Then, the
diffusive flux (B1) can be evaluated from the hydrody-
namic variables and species concentration evolved with
ρ
∂c
∂t
+ ρ~u · ∇c+∇ ·~i = 0, (B3)
where ~u is the center-of-mass velocity.
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